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Measurement and Properties of the Oxide Ionic
Conductivity of - and -Phases in the Binary
(Bi2O3)1−x(Tb4O7)x System
Nilgun Ozpozan Kalaycioglu1 and Esra C¸ırc¸ır2
1Department of Chemistry, Faculty of Science, Erciyes University, Kayseri, Turkey
2Department of Materials Science and Engineering, Faculty of Engineering, Karamanoglu Mehmetbey
University, Karaman, 70200, Turkey.
The total conductivity (σT) in the β-phase and δ-Bi2O3 doped
with Tb4O7 system was measured in the composition range between
1 and 30 mol% Tb4O7 at different temperatures. According to
the DTA/TG results, this tetragonal type solid solution was stable
up to about ∼740◦C, and the solubility limit was found at ∼5
mol% Tb4O7 in the β-phase; this fcc type solid solution was stable
up to about ∼740◦C, and the solubility limit was found at ∼30
mol% Tb4O7 in the δ-phase. All phases showed predominant oxide
ionic conduction. It has been proposed that β- and δ-Bi2O3 phases
contain a large number of oxide anion vacancies and incorporated
terbium cations at tetrahedral sites that affect the oxygen sublattice
of the crystal structure.
Keywords bismuth oxide, oxygen ionic conductivity, terbium oxide
INTRODUCTION
Solid electrolytes are the most important components of
solid-state electrochemical devices, which are becoming in-
creasingly important for applications in energy conversion,
chemical processing, sensing, and combustion control. Bismuth
oxide systems exhibit high oxide ionic conductivity and have
been proposed as good electrolyte materials for applications
such as solid oxide fuel cell and oxygen sensors. However,
due to their instability under low oxygen partial pressure con-
ditions there has been difficulty in developing these materials
as alternative electrolyte materials compared to state-of-the-art
cubic stabilized zirconia electrolyte. Bismuth oxide and doped
bismuth oxide systems exhibit a complex array depending on
dopant concentration, temperature, and atmosphere.[1–5]
Six polymorphs of Bi2O3 have been reported in the litera-
ture: monoclinic α-Bi2O3, tetragonal β-Bi2O3, cubic (bcc) γ -
Bi2O3, cubic (fcc) δ-Bi2O3, orthorhombic ε-Bi2O3, and triclinic
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ω-Bi2O3 phases. The phase transition from the monoclinic α-
phase, to the high-temperature cubic δ-phase occurred at ap-
proximately 730◦C. The δ-phase was also found to be stable
up to its melting point of approximately 825◦C. On cooling,
the δ-phase from high temperature to room temperature, a large
hysteresis was observed, with the possible occurrence of two
intermediate metastable phases: the tetragonal β-phase or the
bcc g-phase. The tetragonal β-phase occurred at around 650◦C
on cooling, while the g-phase formed at around 640◦C.[6–8]
β- and δ-Bi2O3 phases display oxygen ionic conductivity
properties and can be stabilized by doping with small amounts
of other oxides.[9–17] This study examined the structure of β-
and δ-Bi2O3 phases doped with Tb4O7.[18]
In the present work, we conducted tests on the electrical and
thermal properties of β- and δ-Bi2O3 phases doped with Tb4O7.
EXPERIMENTAL
The powder samples were synthesized by the solid-state
reaction method. According to the nominal composition
(Bi2O3)1−x(Tb4O7)x (x = 0.01–0.30), appropriate amounts
of the starting materials α-Bi2O3 and Tb4O7 were thoroughly
mixed and homogenized in an agate mortar. The mixtures were
heat treated from 600◦C to 950◦C, increasing in steps of 50◦C.
According to X-ray powder diffraction data, we showed that
samples of tetragonal β-Bi2O3 were obtained by doping with
Tb4O7 according to the formula of (Bi2O3)1−x(Tb4O7)x when x
was 0.01 ≤ x ≤ 0.05 and the fcc δ-Bi2O3 samples were obtained,
when x = 0.06–0.10, 0.13–0.30.[18]
Thermal measurements were made by using a simultaneous
DTA/TG system (Shimadzu FC-60 type, Japan). The samples of
β- and δ-Bi2O3 doped with Tb4O7 were heated at a rate of 10◦C
min−1 from room temperature to 830◦C. Measurements were
made in a 60 mL min−1 nitrogen atmosphere using a platinum
sample holder and an α-Al2O3 inert reference substance.
The total electrical conductivity (σ T) measurements were
made on samples pelletized (diameter 10 mm, thickness
∼1 mm) using a four-probe dc method in the temperature range
of 100–800◦C. To reduce contact resistance, fine platinum wires
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FIG. 1. Electrical conductivity plot of β-Bi2O3 doped with 3 mol% Tb4O7.
were attached directly to the surface of the samples. The con-
tacts were positioned symmetrically with respect to the center of
the circular pellet, and the contact separations were 0.2 cm. The
temperature in the furnace was increased in 20◦C steps in air
atmosphere initially, and near the phase transition, the increase
in temperature was in 5◦C steps. During the measurements the
sample temperature was determined by a thermocouple posi-
tioned 5 mm away from the sample. All data were made by a
Keithley 2400 source meter and a Keithley 2700 electrometer
(USA), which are controlled by computer.
RESULTS
-Bi2O3 Doped With Tb4O7
In Figure 1 the electrical conductivity plot of β-Bi2O3 doped
with 3 mol% Tb4O7 content are presented, and the σ T plots for
the other β-Bi2O3 phases are quite similar. These data were
obtained during a repeated heating runs at a constant heat-
ing rate in air. The electrical conductivity of β-Bi2O3 doped
with 1–5 mol% Tb4O7 increased with increasing temperature
up to ∼620◦C. Beyond this temperature conductivity increased
sharply up to about 665◦C. The reason for the sharp increase
in conductivity was the phase transition and an alteration in the
crystal structure possibly causing a change in the conductivity
mechanism. The structural disorder during transformation may
also contribute to the improvement of ionic conductivity. The
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FIG. 2. Electrical conductivity plot of δ -Bi2O3: (a) doped with 6 mol% Tb4O7, (b) doped with 14 mol% Tb4O7, (c) doped with 13 mol% Tb4O7.
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FIG. 3. DTA/TG diagrams of δ -Bi2O3 phase doped with 13 mol% Tb4O7.
β-δ phase transition for pure β-Bi2O3 at a temperature of about
660–670◦C was reported using DTA thermal analysis and con-
ductivity change graphs,[7,8] and experimental results showed
that the δ-Bi2O3 phase exhibited higher conductivity than the
β-Bi2O3 phase.
-Bi2O3 Doped With Tb4O7
Electrical conductivity plots versus δ-Bi2O3 samples doped
with 6, 13, and 14 mol% Tb4O7 concentrations contents are
given in Figure 2. The graphic curves of the other δ-Bi2O3 sam-
ples were quite similar to the curves the of samples given in this
figure. As seen in the figures, the conductivity of all the sam-
ples increases with increasing temperature up to 720◦C. Beyond
this temperature conductivity increased rapidly up to ∼810◦C.
A marked increase in conductivity between 720–810◦C was
considered to be the phase transition to δ-Bi2O3. The DTA/TG
measurements also suggested that a polymorphic transition took
place, and the endothermic phase transition was observed on the
DTA curve at about the same temperature (Figure 3). As can be
seen in Figure 3, the transition temperature is ∼740.0◦C, which
was determined by DTA; the transition temperature in the con-
ductivity versus temperature graph is in the range of 720–810◦C.
The results showed that δ-Bi2O3 had high electrical conduc-
tivity; at the high temperature the conductivity was mainly ionic,
with oxide ions being the main charge carrier.
DISCUSSION
The experimental results showed that in our samples the
oxygen lattice points of the β-phase and δ-Bi2O3 doped with
Tb4O7 were not completely occupied with oxygen ions. If the
oxygen sublattice was fully occupied by O2− ions, The Tb4O7
doped β- and δ-Bi2O3 phases would not show such a high
degree of electrical conductivity. Some of the oxygen lattice
points located around the tetrahedral sites may have been vacant,
forming an oxygen vacancy. These oxygen vacancies were filled
randomly with neighboring oxygen ions at an increasing rate
with increasing temperature. Jumping oxygen ions left their
former sites vacant, thus another vacancy was formed; because
this process was random, the total oxygen flow was zero in any
direction without an applied electric field.
The conductivity of all samples increased with increasing
temperature. It was proposed that this was related to ionic mo-
bility, which rises with increasing temperature. At elevated tem-
peratures, the thermal vibrational energy of the ions increased
causing a higher oxygen ion jumping rate. Although oxygen va-
cancies were present in the crystal structure at low temperatures
(below 200◦C), the thermal energy of the anions was not high
enough for them to jump out of their lowest energy positions.
Thermal vibrations may also have assisted the jumping process
briefly by either shortening the jumping distance or by widening
the jumping channels through the crystal.
CONCLUSIONS
The β- and δ-phases in the (Bi2O3)1−x(Tb4O7)x (x =
0.01–0.30) binary oxide compounds possessing oxygen ionic
conductivity were synthesized. The jumps, observed in the con-
ductivity curves, indicated phase transitions. The conductivity
of these materials increased with dopant. The reason for this
was the introduction of more lattice defects due to the increase
in vacant lattice points.
The high ionic conductivity in β- and δ-Bi2O3 phases
supports the view that there is an average occupation of
oxide ions in oxygen lattice sites that can move from site
to site through the bismuth sublattice. The sample with
the highest conductivity of –0.658 cm−1 at 810◦C was the
δ-phase of the (Bi2O3)0.87(Tb4O7)0.13 and that with the highest
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conductivity of –0.299 cm−1 at 730◦C was the β-phase of the
(Bi2O3)0.97(Tb4O7)0.03.
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